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A highly concentrated (17 vol.%) Fe-C nano-particle sys-
tem, with a narrow size distribution d = 5.4 ± 0.4 nm, has
been investigated using magnetic ac susceptibility measure-
ments covering a wide range of frequencies (17 mHz - 170 Hz).
A dynamic scaling analysis gives evidence for a phase transi-
tion to a low temperature spin-glass-like phase. The critical
exponents associated with the transition are zν = 10.5±2 and
β = 1.1± 0.2. The reason why the scaling analysis works for
this sample, while it may not work for other samples exhibit-
ing collective behavior as evidenced by aging phenomena, is
that the single particle contribution to χ′′ is vanishingly small
for T > Tg and hence all slow dynamics is due to collective
behavior. This criterion can only be fulfilled for a highly
concentrated nano-particle sample with a narrow size distri-
bution.
I. ARTICLE
Dense nano-particle systems have been shown to ex-
hibit collective behavior, as evidenced by aging, and non-
equilibrium effects similar to spin glasses.1–3 Whether
that collective behavior is associated with a “true” spin
glass phase transition is still controversial. In this pa-
per, we show a dynamic scaling analysis to a spin glass
transition for a highly concentrated Fe-C nano-particle
sample with a narrow particle size distribution. We also
discuss why the scaling analysis may not indicate a phase
transition for samples with less interactions or wider size
distributions.
The sample consisted of ferromagnetic nanoparticles of
amorphous Fe1−xCx (x≈0.22), with an average particle
size of 5.4±0.4 nm, prepared by the method described by
VanWonterghem et al. in Ref. 4. The sample was studied
in the frozen state and contained 17 vol% of particles.
The ac-susceptibility measurements were performed in a
non-commercial SQUID magnetometer for frequencies in
the range ω/2pi = 17 mHz - 170 Hz. Fig. 1 shows χ′(T )
and χ′′(T ) at different frequencies.
A sample that exhibit a spin glass transition will show
critical slowing down, and hence the characteristic re-
laxation time τ diverges at the transition temperature
according to
τ = τ∗(T/Tg − 1)
−zν , T > Tg (1)
where Tg is the transition temperature, τ∗ is related to
the relaxation time of the individual particle magnetic
moments, and zν is a critical exponent. We extracted
the freezing temperature Tf , associated with a relaxation
time (τ = 1/ω), from the out-of-phase component of the
ac-susceptibility as χ′′(Tf) =
1
7
χ′′max with Tf > Tg. We
also tried other criteria to make sure that the choice of
criterion is not significantly influencing the results of the
critical slowing down analysis. The critical slowing down
analysis gives zν = 10.5 ± 2, τ∗ = 2.2 × 10
−8 s, and
Tg = 49.5 K (see Fig. 2).
We also performed a full scaling of χ′′ according to,
χ′′/χeq = (T/Tg − 1)
βH(ωτ), T > Tg (2)
and found data collapse to a single function H(ωτ), for
different frequencies, using β = 1.1±0.2 (see Fig. 3). The
value of zν compares quite well with values found for spin
glasses with long range interactions (RKKY), while the
value of β is slightly larger than typical spin glass values,
but is consistent with the value of β = 1.2± 0.1 found by
Jonsson et al.5 for an interacting nanoparticle sample by
a static scaling analysis.
The dynamic scaling analysis will only reveal a phase
transition if the single particle contribution to χ′′ is van-
ishingly small for T > Tg, i.e. all slow dynamics is due to
collective behavior. Two criteria have to be fulfilled for
this to be possible; i) the interparticle interactions need
to be strong and ii) the particle size distribution needs to
be narrow. If we compare the sample used for the scal-
ing analysis with the same sample but much more dilute
(0.05 vol.%) we can see that the out-of-phase component
is almost zero for T > Tg (see inset of Fig. 1). We con-
clude that the concentrated sample is appropriate to use
for scaling analysis.
Financial support from NFR is acknowledged.
1 J. L. Dormann, et al., J. Magn. Magn. Mater. 187, L139
(1998).
2 H. Mamiya, I. Nakatani, and T. Furubayashi, Phys. Rev.
Lett. 82, 4332 (1999).
1
3 P. Jo¨nsson, M. F. Hansen, and P. Nordblad, Phys. Rev. B
61, 1261 (2000)
4 J. Van Wonterghem, S, Mørup, S.W. Charles, and S Wells,
J. Colloid interface Sci. 121, 558 (1988).
5 T. Jonsson, P. Svedlindh, and M. F. Hansen, Phys. Rev.
Lett. 81, 3976 (1998).
0
5
10
15
20
25
30
χ′
 
 
 
[ar
b. 
un
its
]
f = 17 mHz
f = 51 mHz
f = 170 mHz
f = 510 mHz
f = 1.7 Hz
f = 5.1 Hz
f = 17 Hz
f = 55 Hz
f = 170 Hz
20 30 40 50 60 70 80
0
0.5
1
1.5
2
T [K]
χ′
′ 
 
 
[ar
b. 
un
its
]
20 40 60
0
2
4
T [K]
χ′
′ 
 
 
[ar
b. 
un
its
]
Tg
FIG. 1. The ac-susceptibility vs. temperature for the con-
centrated sample (17 vol.%). Inset: The ac-susceptibility for
the dilute sample (0.05 vol.%), f = 125 Hz.
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FIG. 2. Critical slowing down analysis.
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FIG. 3. Scaling of χ′′(T, ω)/χ0 = (T/Tg − 1)
β using data
for T > Tg.
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